A remarkable feature of peripheral olfactory projections in mammals is the convergence of axons from olfactory sensory neurons (OSNs) expressing the same odorant receptor (OR) into the same glomeruli. There is mounting evidence that the ORs play critical roles in glomerular formation. However, it remains unclear how the OR exerts its function of sorting axons into homogeneity. We and others have shown previously that activation of the G-protein/cAMP signaling cascade underlies glomerular formation. Here, we further investigated whether establishment of the mature glomerular array requires adenylyl cyclase 3 (AC3), a key component of the OR-mediated cAMPdependent signaling cascade. We found robust AC3 expression in both OSN cilia and axons during the period of active glomerular formation in neonatal mice. Examination of OR-tagged mice in an AC3 knock-out background revealed that the absence of AC3 drastically and differentially perturbed the formation of several representative glomeruli. Furthermore, heterogeneous glomeruli innervated by axons of multiple OSN populations persisted in such mice well into adulthood. In addition, reproducible aberrations in axonal projections in AC3Ϫ/Ϫ mice appeared to correlate with the activation of specific OR loci, regardless of the expressed receptor sequence, suggesting that OR expression is but one factor in determining OSN axonal projections. Together, our results indicate that cAMP signaling is critical for axonal sorting and the establishment of axonal identity.
Introduction
Accurate sensory perception relies on precise connections between peripheral sensory neurons and the brain. In the olfactory system, this is achieved by organizing the projections of axons from olfactory sensory neurons (OSNs) according to the odorant receptor (OR) they express (Mombaerts et al., 1996) . In mice, each OSN expresses only one of ϳ1100 ORs (Buck and Axel, 1991; Zhang and Firestein, 2002) . Although OSNs expressing the same receptor are dispersed throughout the olfactory epithelium (Ressler et al., 1993; Vassar et al., 1993) , their axons coalesce to form a structure, called a glomerulus, in the olfactory bulb (Mombaerts et al., 1996; Treloar et al., 2002) .
In other sensory systems, patterned electrical activity is thought to refine coarse projections initially established through activity-independent processes (Katz and Shatz, 1996; Grubb and Thompson, 2004) . The role of activity in the formation of olfactory projections, however, is less clearly defined. Several experiments in which various components of the odor-evoked signal cascade have been knocked out exhibited little alteration in glomerular formation. The gross organization of glomeruli in mice lacking cyclic nucleotide-gated channel A2 subunit, a crucial subunit of the cyclic-nucleotide-gated channel, appears mostly normal (Baker et al., 1999; Lin et al., 2000) , except for the presence of supranumerary glomeruli innervated by OSNs expressing the OR M72 (Zheng et al., 2000) . Normal glomerular formation is also reported in newborn mice lacking the key G-protein subunit G␣olf (Belluscio et al., 1998) . These observations led to the notion that glomerular development might be primarily directed by genetic factors.
However, previous data has demonstrated that activity is indeed required for proper establishment and maintenance of glomeruli. Sensory deprivation by naris closure perturbs glomerular maturation (Zou et al., 2004) , whereas odor stimulation accelerates it (Kerr and Belluscio, 2006) . Similarly, reduction of electrical excitability and inhibition of neural transmitter release in the OSNs can influence the establishment and maintenance of glomeruli (Yu et al., 2004) .
Regardless of any controversy on the roles of activity, the OR itself clearly participates in glomerular formation (Mombaerts et al., 1996; Wang et al., 1998; . Previously, we and others have shown that OR activation of the G-protein/cAMP signaling cascade underlies glomerular formation (Imai et al., 2006; Chesler et al., 2007) . Furthermore, glomerular structure is highly aberrant in mice deficient for adenylyl cyclase 3 (AC3), a critical component in the odor-evoked cAMP-dependent signaling pathways (Trinh and Storm, 2003) . Although the AC3Ϫ/Ϫ mice represent the only knock-out of a key olfactory signaling cascade component to severely disrupt glomerular structure, the formation of ORspecific glomeruli has not been analyzed in detail in this genetic background.
Here, we show that the formation of OR-specific glomeruli is drastically and differentially perturbed in the AC3Ϫ/Ϫ background. Furthermore, under these conditions, reproducible perturbation of axonal projections is observed independent of the receptor expressed. Thus, the OR is but one factor important for glomerular formation. Our results suggest that proper development of OSN projections requires the activation of cAMPdependent signaling pathways.
Materials and Methods
Animals. AC3 heterozygous (AC3ϩ/Ϫ) mice were provided by Dr. Daniel Storm of the University of Washington (Seattle, WA) (Wong et al., 2000) . OR-tagged mice M71-IRES-tauGFP (taulacZ), M72-IREStauGFP (taulacZ), MOR23-IRES-tauGFP (taulacZ), and P2-IREStaulacZ, as well as receptor-replacement mice M713 P2-IRES-taulacZ and MOR233 M71-IRES-taulacZ were provided by Drs. Paul Feinstein, Anne Vassalli, and Peter Mombaerts of the Rockefeller University (New York, NY) (Vassalli et al., 2002; . In these OR gene-targeted mice, a sequence encoding the internal ribosome entry site (IRES) and a marker (either tauGFP or taulacZ) is inserted downstream of a given receptor coding region (herein referred to as OR-GFP or OR-lacZ mice). With this strategy, all of the OSNs expressing the same receptor and their axons are marked with the cotranslated green fluorescent protein (GFP) or ␤-galactosidase (␤-gal) encoded by the bacterial gene lacZ. Therefore, in these mice, the convergence of labeled OSN axons (herein referred to as OR axons) into glomeruli (herein referred to as OR glomeruli) is readily visible either in whole-mount or in serial coronal sections through the olfactory bulb.
The OR gene-targeted homozygous mice were first crossed with AC3ϩ/Ϫ mice. Their offspring in the AC3ϩ/Ϫ background were crossed again. Among the next generations, those in the AC3ϩ/ϩ and AC3Ϫ/Ϫ background were used for data analysis, whereas those in the AC3ϩ/Ϫ background that were also homozygous for the tagged ORs were used for additional breeding. To increase the survival of AC3Ϫ/Ϫ mice, litters were trimmed to 3-5 pups per litter within the first 24 h after birth.
All gene-targeted animals were in a mixed 129 ϫ B6 background and were housed with a 12 h light/dark cycle in cages with a microfilter lid. Experiments were performed according to protocols approved by the Columbia University Institutional Animal Care and Usage Committee.
In situ hybridization. In situ hybridization was performed on 12 m coronal sections through the olfactory epithelium and olfactory bulb as described previously (Ishii et al., 2004) . The olfactory marker protein (OMP) probe was designed to the coding region and cloned from olfactory epithelium cDNA using primers 5ЈTCCGAGTAGAGAGCCT-GAAGC3Ј and 5ЈCCACAGAGGCCTTTAGGTTG3Ј. The probe for AC3 was generated from a full-length cDNA clone (I.M.A.G.E. ID 6835448) obtained from Open Biosystems (Huntsville, AL).
Images of the sections subjected to chromogenic in situ hybridization were taken with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI). For those sections subjected to two-color in situ hybridization, a single optical section was obtained with a confocal microscope (FluoView 600; Olympus, Tokyo, Japan).
Immunohistochemistry. Immunohistochemistry was performed as previously described (Zou et al., 2004) in serial coronal sections (16 m) through the olfactory epithelium and the olfactory bulb of homozygous OR-lacZ (or GFP) mice in either the AC3ϩ/ϩ or AC3Ϫ/Ϫ background. The primary antibodies used were rabbit anti-AC3 (1:500; Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-OMP (1:1500; Wako, Richmond, VA), rabbit anti-␤-galactosidase (1:1000; Cappel, Cochranville, PA), rabbit anti-GFP (1:500; Invitrogen, Eugene, OR), and goat antiolfactory cell adhesion molecule (OCAM; 1:1000; R & D Systems, Minneapolis, MN). The secondary antibodies were Alexa Fluor 488-conjugated donkey anti-rabbit (1:750; Invitrogen), and Alexa Fluor 594-conjugated donkey anti-goat (1:750; Invitrogen). Nucleic dye TOTO3 (Invitrogen) was used at 1:10,000.
Western blot assay. Total protein from the olfactory epithelium and the olfactory bulb of postnatal day 0 (PD0) mice was extracted in a lysis buffer containing 1ϫ PBS, pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, and 1ϫ Complete Mini Protease Inhibitors mix (Roche, Indianapolis, IN). The protein concentration of the supernatant was measured using a Coomassie protein assay kit (Pierce, Rockford, IL). Denatured samples (50 g) were separated on 8% acrylamide gels by SDS-PAGE. After transfer to polyvinylidene difluoride membrane, the blots were blocked for 1 h at room temperature (RT) with 3% nonfat dry milk in the TBS buffer containing 0.1% Tween20. They were then incubated with 200 ng/ml rabbit anti-AC3 antibody (Santa Cruz) or 500 ng/ml rabbit anti-actin antibody (Novus Biologicals, Littleton, CO) overnight at 4°C, followed by an incubation with horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG for 1 h at RT. Blots were visualized by Western chemiluminescent HRP substrate (Millipore, Billerica, MA) as per the manufacturer's instructions.
Imaging acquisition. For the whole-mount X-gal staining of ORspecific projections, anesthetized OR-lacZ mice were perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH7.4, for 5 min. Olfactory bulbs were dissected and incubated in a solution containing 5 mM potassium-ferricyanide, 5 mM potassium-ferrocyanide, and 1 mg/ml X-gal in PBS at 37°C overnight. To observe the projections of GFPϩ OSN axons in whole mount, animals were perfused briefly with 4% PFA in 0.1 M PB for l min and olfactory bulbs were dissected. Images of the whole-mount bulbs were taken with a SPOT digital camera or a confocal microscope (Olympus FluoView 600).
Optical sections (2 m) through the depth of the immunostained coronal sections or the whole-mount bulb were taken with a confocal microscope (Olympus FluoView 600) and analyzed with the ImageJ, NIH Image, and Adobe (San Jose, CA) Photoshop programs. Images of Z-series optical sections projected to a single plane were not modified other than to balance brightness and contrast.
Results

Axonal expression of AC3 in neonatal mice
Previous work has demonstrated that in adult mice AC3 is highly concentrated in the cilia of mature OSNs, where it serves as a critical component of the odor-evoked signaling cascade (Bakalyar and Reed, 1990) . Here, we investigated AC3 expression patterns in the olfactory epithelium and olfactory bulb of neonatal mice (PD0 -PD5) by in situ hybridization ( Fig. 1) and by immunohistochemistry (Fig. 2) . In newborn mice (PD0), chromogenic in situ hybridization showed that AC3 was highly expressed in the epithelium, but was not detected in the bulb (Fig. 1 A) . At PD5, the intensity of the AC3 signal had increased in the epithelium without appreciable signals in the bulb (Fig. 1 B) . The neonatal AC3 expression in the bulb thus differs from that reported in adults (Visel et al., 2006) .
To characterize which cell types express AC3 in the epithelium of neonatal mice, we used two-color in situ hybridization to detect both AC3 and OMP, a marker of mature OSNs. At PD0, intense AC3 staining overlapped with that of OMP in many OSNs (Fig. 1C) . However, low levels of AC3 expression were also observed in the immature, OMP-negative layer of the epithelium (Fig. 1C, bottom) . By PD5, the AC3 mRNA signals had become more intense and were now predominantly restricted to the OMPϩ mature OSNs (Fig. 1 D) . The constraint of AC3 message to mature cells is similar to that seen in adult mice.
However, the pattern of AC3 protein expression in neonatal mice differed from the localization typically observed in adult tissues. We found that at PD0 AC3 was not only expressed in the OSN cilia, but also in the bulb; strong AC3 immunoreactivity was detected in olfactory sensory axons in the olfactory nerve layer and in the glomerular layer (Fig. 2 A) . As a control, AC3 immunoreactivity was completely absent from AC3Ϫ/Ϫ mice ( Fig. 2 B ) (Wong et al., 2000) . Although at PD5 AC3 protein expression in the olfactory nerve layer was diminished relative to PD0, AC3 expression was still readily detectable in individual glomeruli (Fig. 2C ). We noted no AC3 protein expression in the somata of mitral cells. The presence of AC3 protein in the bulb at PD0 was further confirmed by Western blot (Fig. 2 D) .
Abnormal glomerular structures in AC3 knock-out mice
The unexpected localization of AC3 protein in OSN axons was most apparent between PD0 and PD5, a period of robust sorting of OSN axons into glomeruli. This result raised the possibility that, in addition to its role in odor-evoked signal transduction in the epithelium, AC3 also plays an important role in glomerular development. Indeed, in the AC3 knock-out mice the gross structure of glomeruli is highly abnormal (Trinh and Storm, 2003) . Instead of the densely packed discrete glomeruli typically seen in the bulb of wild-type mice at PD20 (Fig. 2 E) , glomeruli in agematched AC3Ϫ/Ϫ mice appeared to be fewer in number and larger in size in the dorsal bulb. Also, in other regions, the boundaries between neighboring glomeruli were at times poorly defined (Fig. 2 F) . Although the gross structure appears abnormal, both the dendritic marker microtubule associated protein 2 and the synaptic marker synaptophysin could be detected by immunohistochemistry in the glomerular layer of AC3Ϫ/Ϫ mice (data not shown), indicating that at least some of the OSN axons made synapses with the dendrites of bulbar neurons despite the absence of AC3 expression. Termination of OSN axons in the appropriate bulbar layer was another feature perturbed by the lack of AC3 expression. By PD20, OSN axons in AC3ϩ/ϩ mice were restricted to the glomerular layer. In contrast, in AC3Ϫ/Ϫ mice there was widespread aberrant overshooting of OSN axons into the external plexiform layer, and even deep into the granule cell layer (Fig. 2G) .
Projection of P2 axons in the AC3؊/؊ background
To better elucidate the ramifications of AC3 deletion on the development of the olfactory bulb, we investigated the projections of individual OSN axon populations in this genetic background. We have chosen four OR-specific populations to examine (Vassalli et al., 2002; . These receptors are highly diverse in their sequence and expression patterns in the epithelium, as well as in the timing of their formation and the position of their glomeruli in the bulb. We anticipate that the formation of these distinctive OR-specific glomeruli may therefore be representative, to a large extent, of the steps required for the establishment of the entire glomerular array.
The glomeruli formed by axons of OSNs expressing the P2 receptor, the first OR allele to be marked by gene-targeting (Mombaerts et al., 1996) , have been the subject of extensive studies on the mechanisms governing glomerular development. As a comparative study, we examined whether the lack of AC3 expression affects the development of P2 glomeruli. P2-expressing OSNs are located in the intermediate region along the dorsalventral axis of the epithelium [what is labeled as zone II by Ressler et al. (1993) ] and their axons project to two glomeruli positioned symmetrically in the ventral bulb, one in the medial half-bulb and one in the lateral half-bulb. In P2-lacZ mice wild-type for AC3 (Fig. 3A) , whole-mount X-gal staining at PD5 revealed numerous P2-expressing OSNs in the epithelium. In AC3Ϫ/Ϫ mice (Fig.  3B) , the zonal position was preserved, but there were fewer P2-expressing OSNs compared with those in AC3ϩ/ϩ littermates.
In the AC3ϩ/ϩ background, the convergence of P2 axons into glomeruli was readily observed in both the medial (Fig. 3A' ) and lateral half-bulb. In stark contrast, in the AC3Ϫ/Ϫ background, we failed to observe distinct P2 glomeruli in either the medial (Fig. 3B') or lateral half-bulb. Instead, only a small number of P2 axons projected diffusely over a relatively restricted region that corresponded to the general area of the normal P2 glomerulus. The perturbation of P2 axonal projections in AC3Ϫ/Ϫ mice persisted in older animals ( Fig. 3C-D) . Even at PD120, P2 axons remained largely dispersed within this same restricted region of the bulb (Fig. 3D) . Thus, although the broad projection of the axons appeared normal, the deficiency in AC3 reduced the number of P2-expressing OSNs and perturbed the formation of P2 glomeruli.
Next, we examined in greater detail the innervation patterns of P2 axons by immunohistochemistry. On serial coronal sections of the bulb, P2 axons were labeled with antibodies specific for ␤-gal and were compared with the entirety of the mature OSN axonal projections labeled with antibodies for OMP. The nucleic dye TOTO3, which stained the nuclei of juxtaglomerular cells surrounding the glomerulus, was used to delineate the glomerular structure. To further reduce any uncertainty in defining a single glomerulus, we always examined at least three consecutive immunostained sections. In immature AC3ϩ/ϩ mice at PD5, we observed P2 glomeruli with overlapping immunoreactivity for both ␤-gal and OMP (Fig. 3E) , showing that the glomerulus was innervated entirely and homogeneously by P2 axons. In contrast, in the AC3Ϫ/Ϫ background, even at PD60 (when most glomeruli have matured to a homogeneous state in AC3ϩ/ϩ mice), we were unable to detect any homogeneous P2 glomeruli (n ϭ 4 bulbs, ranging from PD20 to PD60). Consistent with our wholemount observations, isolated ␤-galϩ P2 axons were found in multiple glomeruli (Fig.  3F) , where they entered and branched among axons from OSNs expressing different ORs (␤-galϪ/OMPϩ).
Projection of MOR23 axons in the AC3؊/؊ background
To determine whether the gross disruption of P2 axon projections in the absence of AC3 could be generalized to other OSN populations, we examined the formation of MOR23 glomeruli. Unlike the ventrally located P2-expressing cells, OSNs expressing MOR23 are distributed in the most dorsal part of the epithelium (zone I). Furthermore, whereas P2 glomeruli begin to form before birth and are positioned in the medial ventral bulb (Royal and Key, 1999) , MOR23 glomeruli are formed postnatally and are located in the anterior dorsal bulb (Vassalli et al., 2002) .
In MOR23-lacZ mice with normal AC3 expression, a single MOR23 glomerulus was typically seen either in the medial (Fig.  4 A) or lateral half-bulb by PD20. In contrast, MOR23 axons in AC3Ϫ/Ϫ mice projected to multiple locations in each of the half-bulbs at this same age (Fig. 4 B) . Even in older animals, the multiple projection sites of MOR23 axons remained broadly scattered in the anterior bulb [PD60 (Fig. 4C) ; PD90 (Fig. 4 D) ]. Interestingly, it appeared that at PD90 the number of MOR23-expressing OSNs observed in the AC3Ϫ/Ϫ background (Fig. 4 E) was not dramatically different from that in the AC3ϩ/ϩ background (Fig. 4 F) . This result was in contrast to the apparent reduction of P2-expressing OSNs in AC3Ϫ/Ϫ mice (Fig. 3) , indicating that the absence of AC3 differentially influences the number of OSNs in an OR specific manner.
Next we sought to determine whether the lack of AC3 expression influenced the innervation patterns of MOR23 axons by immunohistochemistry. Whereas homogeneous MOR23 glomeruli were readily detected in the AC3ϩ/ϩ background at PD10 (Fig. 4G) , all MOR23 glomeruli in the AC3Ϫ/Ϫ background were heterogeneously innervated (n ϭ 5 bulbs, ranging from PD20 to PD200). These heterogeneous glomeruli contained MOR23 axons (␤-galϩ/OMPϩ) as well as axons from OSNs expressing other ORs (␤-gal-/OMPϩ) (Fig. 4 H) . Such heterogeneous MOR23 glomeruli did not disappear even by PD200 (Fig.  4 I-J ) . Furthermore, we noted that in older animals multiple MOR23 glomeruli were readily observed in the same single coronal sections (Fig. 4 I-K ) . This differed from younger animals in which we typically observed only a single MOR23 glomerulus in a single coronal section (Fig. 4 H) . It is possible that heterogeneous MOR23 glomeruli gradually accumulated in older animals because of the continual arrival of new axons.
Some MOR23 glomeruli were observed in more ventral/posterior regions in the bulb of AC3Ϫ/Ϫ mice. Such glomeruli remained negative for the OCAM (Yoshihara et al., 1997) , a marker for ventrally projecting OSN axons and their glomeruli (Fig. 4 K) . We also noticed that there was an overall reduction of the OCAMϩ region in the bulb of AC3Ϫ/Ϫ mice. Together with the reduction in number of P2-expressing OSNs, the compression of the OCAMϩ ventral bulb may reflect differential effects of AC3 elimination along the dorsal-ventral axis. Because of the gross differences in bulb structure between the AC3ϩ/ϩ and AC3Ϫ/Ϫ animals, the relative positions of MOR23 glomeruli in the two conditions could not be easily compared.
Projections of M71 and M72 axons in the AC3؊/؊ background P2 and MOR23 are very different receptors with low sequence similarity, different expression patterns in the epithelium, and different glomerular positions in the bulb. Their glomeruli also exhibit strikingly different defects in AC3Ϫ/Ϫ mice. But how does AC3 deficiency effect the axonal projections for OSN populations expressing two highly homologous receptors? M71 and M72 are ideal receptors to address this question as they have 96% identity, are both expressed in the dorsal zone of epithelium (zone I) and project to neighboring glomeruli in the posterior dorsal bulb.
In the AC3ϩ/ϩ background, M71 axons reliably converged into glomeruli in the posterior dorsal bulbs (Fig. 5A) . Strikingly, in AC3Ϫ/Ϫ littermates, M71 axons projected not only to the predicted posterior regions, but also to novel sites in the anterior dorsal bulb (Fig. 5B) . Compared with the pronounced convergence of M71 axons in the AC3ϩ/ϩ background (Fig.  5C ), projections of M71 axons were poorly organized in the AC3Ϫ/Ϫ background. Perturbation of axonal convergence was found in both the anticipated locations in the posterior bulb (Fig. 5D) , as well as in the novel, atypical regions in the anterior bulb (Fig. 5E) . Furthermore, the abnormal projections of M71 axons in the AC3Ϫ/Ϫ background continued to be observed even in mice as old as PD200 (Fig. 5F-G) and, thus, this aberration is not merely a transient developmental event. Importantly, the novel anterior projections of M71 axons were consistently observed in all 12 AC3Ϫ/Ϫ mice we examined (ranging from PD5 to PD200), suggesting that the absence of AC3 systematically disrupts the proper projection of M71 axons.
As we had done with the other receptor populations, we further examined the innervation patterns of M71 axons by immunohistochemistry. In contrast to the homogeneous M71 glomeruli seen in the AC3ϩ/ϩ background (Zou et al., 2004) , all M71 glomeruli observed in the AC3Ϫ/Ϫ background were heterogeneous (n ϭ 6 bulbs, ranging from PD10 to PD200). The prevalence of heterogeneous glomeruli was found in both the expected and atypical projection sites (Fig. 5H-I ) . Consistent with the results from P2 and MOR23 glomeruli, heterogeneous M71 glomeruli persisted in older mice (PD200) (Fig. 5J ) .
In the AC3Ϫ/Ϫ background, the highly homologous receptor M72 demonstrated a phenotype of perturbations in axonal projections very similar to that of M71. In AC3Ϫ/Ϫ mice, M72 axons also formed atypical aberrant aggregations in the anterior dorsal bulb in addition to the expected posterior projections in the dorsal bulb (Fig. 6 A) . Likewise, immunostaining of serial coronal sections revealed that M72 glomeruli remained heterogeneous even after one year in both the anterior (Fig. 6 B) and the posterior bulb (Fig. 6C) .
The absence of homogeneous glomeruli in the adult AC3Ϫ/Ϫ mice for all four OSN populations we examined suggests that AC3 is required for the formation of mature homogeneous glo- meruli. However, we noticed that M72 axons were sometimes highly compartmentalized within a glomerulus (Fig. 6 B) . Similar compartmentalization was also observed in older mice for MOR23 axons (Fig. 4 I-K ) . Although a homogeneous glomerulus did not form, the capability of recognizing like axons was not completely lost in the absence of AC3. The aggregation of like axons within a glomerulus in AC3Ϫ/Ϫmice suggests that the sorting of OSN axons uses factors in addition to AC3.
Determinants for axonal projection patterns in the AC3؊/؊ background
The unusual projection patterns unmasked in the AC3Ϫ/Ϫ background ( Fig.  7A-C) suggested that multiple factors act in concert with the receptor to promote proper glomerular formation. One possibility is that the events that differentially impact the selection of an OR locus for expression may also differentially affect the activation of factors involved in axonal projections. The unexpected anterior axonal projection patterns of the M71-expressing OSNs in AC3Ϫ/Ϫ mice afforded us an opportunity to investigate this possibility further. We took advantage of two lines of receptor replacement mice involving M71 . In these mice, the coding region of one receptor is replaced with that of another receptor. Axons from OSNs expressing the substituted receptor normally converge into glomeruli located in novel positions (Fig. 7D) .
In M713 P2 OR replacement mice, the P2 coding region is replaced by the M71 coding region together with IREStaulacZ; thus, M71 is expressed from the P2 locus together with the marker ␤-gal. In the AC3Ϫ/Ϫ background, we found that the M713 P2 axons showed a phenotype similar to that observed for endogenous P2 axons in AC3Ϫ/Ϫ mice; that is, few fibers could be found that project to the ventral medial bulb (Fig. 7E ) (n ϭ 3 animals, ranging from PD10 to PD60). We did not observe projections of M713 P2 axons in the anterior bulb, the atypical projection region for axons of endogenous M71-expressing OSNs in the AC3Ϫ/Ϫ background (Fig. 7C) . Thus, when AC3 was absent, the projection pattern in the receptor replacement condition correlated with that predicted by the locus rather than by the receptor.
We also examined the MOR233 M71 receptor replacement mice. In the AC3Ϫ/Ϫ background, MOR23 axons projected only to the anterior bulb (Fig.  7A ) whereas M71 axons projected to both the anterior and posterior bulb (Fig.  7C ). In the MOR233 M71 replacement strains of an AC3Ϫ/Ϫ background, MOR233 M71 axons were found in clusters in both the anterior and posterior dorsal bulb (Fig. 7F ,G') (n ϭ 3 animals, ranging from PD20 to PD120). Thus, again the projection pattern appeared to correlate with the locus rather than the receptor when AC3 is absent. Also of interest, we observed that the projections of endogenous MOR23 axons (Fig. 7G , GFP) and MOR233 M71 axons (Fig.  7G' , ␤-gal) did not appear to intermingle (Fig. 7G") in the same bulb of an AC3Ϫ/Ϫ mouse. The segregation of these two populations of axons, both expressing the same receptor, further suggests that there are additional components that impact axonal identity. 
Discussion
A fundamental event in the establishment of proper olfactory projections is the formation of homogeneous glomeruli that are exclusively innervated by the same population of axons. Several critical steps underlying glomerular formation have recently begun to emerge. It had been originally demonstrated that the OR is required for the convergence of like axons (Mombaerts et al., 1996; Wang et al., 1998; . Previously, we and others have suggested that activation of the G-protein/cAMP signaling cascade is critically involved in OR-dependent axonal sorting (Imai et al., 2006; Chesler et al., 2007) . Here, we show that the lack of AC3, a key component of the OR mediated cAMP dependent signaling cascade, perturbs the proper projections of individual OSN axonal populations and disrupts the formation of homogeneous glomeruli.
Under normal circumstances, multiple populations of axons initially coalesce heterogeneously. Subsequent activitydependent refinement ensures the exclusive homogeneous innervation of a given glomerulus by a single population of OSN axons, a process that is largely completed by PD60 (Zou et al., 2004) (D.-J. Zou, unpublished observation). The refinement process is retarded by sensory deprivation, resulting in the maintenance of heterogeneous glomeruli (Zou et al., 2004) . The results presented here reveal that AC3 deficiency has even more pronounced effects on glomerular development than sensory deprivation by naris closure. In AC3Ϫ/Ϫ mice, homogeneous glomeruli for representative receptors were not observed at any age. Furthermore, the absence of AC3 resulted in aberrant anterior projections (Figs. 5, 6 ) and coinnervation (Chesler et al., 2007) of M71 and M72 axons. Neither of these outcomes has been observed in other manipulations of sensory activity.
The lack of AC3 may affect glomerular development in a number of ways. Although a weak AC3 signal has been reported in the mitral cells of adults (Visel et al., 2006) , we favor a presynaptic role for its function. AC3 expression in mitral cells occurs after many glomeruli have already emerged. Moreover, it has been demonstrated previously that mitral cells are not required for OSN axonal convergence (Bulfone et al., 1998; St. John et al., 2003) .
What then is the role of AC3 in OSNs beyond odorant detection? We can envision AC3 activity having several functions in OSNs, including the growth and steering of axons, the promotion of OSN survival, and the regulation of gene expression. The high levels of AC3 expression in OSN axons during the period of glomerular formation indicate that cAMP can be locally generated to steer the growth of axons (Song et al., 1997) . Additionally, it has been reported that odorant evoked AC3 activation is required for the survival of OSNs after the removal of olfactory bulb in adults (Watt et al., 2004) .
Elimination of AC3 clearly affects various OSN populations differently. Our results indicate a reduction in the number of P2-expressing cells. The lack of apparent P2 glomeruli in whole mount in the AC3Ϫ/Ϫ background (Fig. 3 ) may reflect the requirement of a minimal number of axons for glomerular formation and the interdependency of P2 axons (Ebrahimi and Chess, 2000) . However, this explanation is not applicable to the absence of homogeneous MOR23 glomeruli in AC3Ϫ/Ϫ mice; despite relatively equal numbers of MOR23-expressing OSNs in AC3Ϫ/Ϫ and AC3ϩ/ϩ mice (Fig. 4 E, F ) , homogeneous MOR23 glomeruli remain unformed in the AC3Ϫ/Ϫ background.
It remains to be determined whether AC3 function is also required to maintain the one receptor per neuron rule. It is possible that the absence of AC3 may promote OR gene switching (Shykind et al., 2004) or impede the elimination of OSNs expressing multiple receptors (Mombaerts, 2004) . For example, both M71-and M72-expressing OSNs may be coexpressing receptors that normally project to the anterior dorsal bulb. However, we have thus far been unable to find preferential coexpression of receptors or coexpression of M71 and M72 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In addition to any possible effects on OR feedback, cAMP signaling is a potent regulator of gene expression and, thus, may regulate genes important for glomerular formation (Imai et al., 2006) . Our results from receptor-replacement mice in an AC3Ϫ/Ϫ background indicate that the variable projection patterns for individual axon populations associate with the activation of a given receptor locus rather than the specific receptor coding sequence alone (Fig. 7) . Thus, the differences in gene expression profiles between individual OSN populations, regardless of the actual odorant receptor protein they express, are also likely important for determining their axonal projections. Variable gene profiles among different OSN populations are supported by the observations that molecules important for glomerular formation are differentially expressed among glomeruli (St. John et al., 2002; Cutforth et al., 2003; Serizawa et al., 2006) . It has long been assumed that all OSNs are identical if they express the same receptor. This assumption has been recently challenged by the variable response profiles of individual MOR23 neurons (Grosmaitre et al., 2006) . A difference in protein expression profiles among the OSNs expressing the same receptors could account for the atypical anterior projections of M71 and M72 axons in the AC3Ϫ/Ϫ background. However, direct evidence remains to be obtained to support this idea.
Our work suggests that an OR-mediated signaling cascade participates in local sorting of axons from OSNs that differ mainly by the receptor they express. In this model, the receptors function, at least in part, by stimulating AC3. The cAMP signals thus generated may directly influence growth cones and/or expression of guidance genes. Interestingly, cAMP activity has also been implicated in regulating the retinogeniculate projections in the visual system (Stellwagen and Shatz, 2002; Ravary et al., 2003; Nicol et al., 2007) , as well as the organization of thalamocortical afferents in the somatosensory cortex (Welker et al., 1996; AbdelMajid et al., 1998) . In these systems, cAMP activity appears to act, at least in part, by modulating spontaneous electrical activity (Stellwagen et al., 1999) , or by changing the strength of synaptic transmission (Lu et al., 2003) . The targets of cAMP and the processes it influences in the regulation of olfactory projections to the bulb remain to be identified.
